& Context Mediterranean pine woodlands are strongly affected by wildfires; however, there are knowledge gaps in the role of fire severity on Pinus pinaster Ait. regeneration. & Objectives The principal questions were: (a) does post-fire regeneration of Maritime Pine differ where canopies were consumed to a low vs. high degree and (b) which factors, besides fire severity, could explain these differences. & Methods Pine recruitment was monitored from 2 to 36 months after a summer wildfire in 18 25 m 2 plots, equally divided over two fire severity classes based on crown consumption. Besides the degree of crown consumption, three quantitative fire severity indices as well as post-fire site conditions, seed input and understory vegetation recovery were measured. & Results Pine seedling densities were consistently higher in the plots with low than high crown consumption but due to marked spatial variability, they were only significantly different at two out of the eight sampling occasions. This variability could be explained by a quantitative index based on the diameter of twigs, as well as by seed input and postfire site conditions (ash and litter cover). & Conclusion Fire severity was found to strongly affect the pine recruitment following wildfire, using both a qualitative visual severity index and a quantitative, more labourintensive one.
Introduction
Pine woodlands are one of the Mediterranean Basin's ecosystems that are most affected by wildfires (Pausas et al. 2008) , and their post-fire regeneration has been an important focus of scientific research over the past few decades (Pausas et al. 2004; Thanos and Skordilis 1987; Thanos et al. 1996; Trabaud et al. 1985) . Pinus halepensis has been extensively studied in Spain, and it is now well established that the species' canopy seed bank is a key factor in its postfire regeneration (Eshel et al. 2000; Herranz et al. 1997; Pausas et al. 2003) . Whilst P. halepensis is highly serotinous throughout the Iberian Peninsula (Tapias et al. 2004) , Pinus pinaster (Maritime Pine) reveals marked variation in serotiny as well as in other fire-related characteristics within its geographical range (Barbéro et al. 1998; Gil et al. 2009; Tapias et al. 2004 ). Also, post-fire regeneration of P. pinaster has been studied less extensively than that of P. halepensis. Prior studies on post-fire recruitment of P. pinaster mainly concerned seed and cone traits as well as germination under controlled conditions (Alvarez et al. 2007; Fonturbel et al. 2011; Madrigal et al. 2010; Casal 2001, 2004; Torres et al. 2006 ). The-few-studies that addressed post-fire recruitment of P. pinaster under field conditions were carried out in Spain (Calvo et al. 2008; Vega et al. 2008 Vega et al. , 2010 , notwithstanding the fact that Maritime Pine woodlands are the most fire-prone forest type in Portugal (Silva et al. 2009 ).
Recently burnt areas generally comprise a mosaic of heterogeneous site conditions (Otto et al. 2010; Pausas et al. 2003; Ubeda et al. 2006; Vega et al. 2010) , which can be expected to influence post-fire vegetation recovery. A key factor in this spatial variability is often the in situ fire severity (Otto et al. 2010; Pausas et al. 2003; Vega et al. 2008 Vega et al. , 2010 , but also other abiotic factors such as pre-fire forest management (Perez and Moreno1998) or topography (Pausas et al. 2004) can play a role. With respect to biotic factors, inter-specific competition by the understory vegetation was found to condition post-fire regeneration of Aleppo Pine populations, even from an early stage of recruitment (De las Heras et al. 2002; Nathan and Ne'eman 2004) . In forest management, the understory vegetation is commonly regarded as having a negative impact on pine densities and growth and is, therefore, often (partially) eliminated. Nonetheless, positive effects of the understory on post-fire pine recruitment have also been suggested (Calvo et al. 2008; Trabaud et al. 1985) .
The main aim of this study was to deepen the knowledge of the regeneration of Mediterranean pine woodlands following wildfires, in particular that of P. pinaster stands. The specific objectives were: (1) to quantify seedling recruitment of P. pinaster during the first 36 months after a wildfire; (2) to assess the role therein of key abiotic and biotic factors, in particular fire severity as evaluated using three distinct vegetation-based indices and recovery of the understory vegetation; and (3) to evaluate which of these three severity indices is most appropriate to predict post-fire pine regeneration and, thus, of most interest from a forest management point of view.
Materials and methods

Study area
The study area was located in Central Portugal, on the border of the municipalities of Góis and Arganil of the Coimbra District, near the village of Colmeal. A wildfire took place on 24 August 2008, burning in total some 60 ha. Within the burnt area, a west-facing slope of roughly 20 ha covered with P. pinaster Ait. (40°08′-45°77′ N, 7º59′-08°2 2′ W, 468-525 ma.s.l.) was selected for this study. The study site was selected for revealing a rather homogeneous Maritime Pine cover before the wildfire, on one hand, and, on the other, a markedly heterogeneous fire impact, as suggested by well-defined differences in the consumption of the pine crowns. The pre-fire pine cover was observed on available satellite imagery (Google Earth) and aerial photography.
Vegetation relevees carried out in adjacent unburnt patches on the study slope suggested that before the wildfire, the understory vegetation was mainly composed of shrubs and grasses, in particular, Arbutus unedo L., Erica australis L., Calluna vulgaris (I.) Hull, Pterospartum tridentatum (L.) Willk and Phyllirea angustifolia L., Agrostis curtisii Kerguélen and Agrostis delicatula Pourr. ex Lapeyr (plant nomenclature following Tutin et al. (1964 Tutin et al. ( -1980 ). In February 2009, the study site was logged and the fallen trunks were extracted for reasons of plague prevention. Logging of the sample plots, however, was done with utmost care and provoked no visible disturbance to the recovering vegetation. Various tree ring counts were carried out of the remaining trunks, indicating that at the time of the wildfire, the age of the pine stand was approximately 25 years. The level of serotiny of the stand was estimated by counting the closed and open cones in the canopies of 30 pine trees located immediately outside the burnt area and computed as the average percentage of closed cones.
The climate of the study area can be classified as MesoMediterranean (Rivas-Martínez et al. 2002) . The mean annual temperature is estimated to be between 10 and 12.5°C, and the average annual rainfall between 1,400 and 1,600 mm (SNIRH 2011). Two soil profiles excavated in different parts of the study site suggested that the soils are predominantly shallow Leptosols (WRB 2007), overlying preOrdovician schists of the Hercynian Massif (Ferreira 1978) .The topsoil (0-5 cm) of these profiles had a sandy loam to loam texture (Santos 2010 ) (sand, 29-54 %; silt, 29 %; clay, 16-22 %).
Experimental design
The experimental design that was originally envisaged comprised three pairs of nearby transects with easily observed, contrasting fire severities; in this case, it was evidenced by different degrees of pine crown consumption. Photographs from the opposite side of the valley did allow selecting three zones, where pine crown consumption varied markedly over short distances. Dark-coloured patches were taken to reflect (almost) complete consumption of the pine crowns, whereas light-coloured patches were interpreted to correspond to scorched crowns, retaining substantial amounts of-deadneedles. However, in situ estimation of pine crown consumption (fully consumed crowns (FCC), see below) obliged to reclassify one of the dark-coloured patches as well as one of the light-coloured patches. Although the resulting experimental design continued to be balanced, it no longer involved paired transects of high and low crown consumption (HCC and LCC; Fig. 1 ).
The six transects were laid out in a perpendicular direction to the contour lines and on basically the same slope positions, so as to minimise differences in topographic and soil conditions. They had a length of approximately 30 m, along which three plots of 25 m 2 were established at intervals of roughly 10 m. In turn, each plot was subdivided in four subplots of 2.5 by 2.5 m, which were separated by corridors of 1 m width to facilitate the monitoring of pine recruitment and vegetation recovery.
Field measurements
During the first 2 weeks after the wildfire, the pre-fire stand characteristics at each plot were described by measuring the diameter at breast height (DBH) and height of all standing trees. Simultaneously, fire severity was estimated based on: (a) height of flame marks on the pine trunks, expressed as the average ratio of flame height to total tree height (burnt trunk, BTR); (b) number of pine trees whose needles were all consumed by the fire, expressed as fraction of FCC; and (c) diameter of the three thinnest remaining twigs of five to ten randomly selected shrubs within each plot, expressed as ratio of average plot-wise diameter to the maximum value of the twig diameters measured in all 18 plots (twig severity index, TSI) (Maia et al. 2012) . A possible limitation of the TSI was that the selected shrubs were not identified in terms of species (as would have been possible, albeit only at a later stage and just for the surviving shrubs). Finally, the number of pine cones lying on the ground within each plot was counted as an indicator of pine seed input. This was repeated in March 2009 to account for the impact of the logging. Pine seed input was further estimated by means of seed traps, following the design by Cottrell (2004) and consisting of a funnel with an orifice of 150 cm 2 placed at 20 cm above ground level. At each plot, one seed trap was installed within the first 3 weeks after the wildfire and then monitored for seed rain at regular intervals. During the entire 36-month study period, however, none of the 18 traps caught any Maritime Pine seed.
Post-fire pine recruitment was first evaluated 2 months after the wildfire, in October 2008, and then repeated at seven occasions, with a decreasing frequency with increasing time since fire up till the end of this study in August 2011. At each occasion, all green pine seedlings/saplings within each plot were counted; at the last occasion, the saplings' heights were also measured. The October 2008 field campaign further involved estimating the horizontally projected ground covers of bare soil, ash and litter. This was done visually for each of the four subplots, estimating percentage cover to the nearest integer and then averaging them to arrive at the plot-wise values. The total cover of the understory vegetation (i.e. excluding the pine seedlings/saplings) as well as the cover of the individual plant species was estimated in the same manner but at two later occasions, in March 2010 and August 2011. The predominant mode in which each species regeneratedby resprouting or through germination-was assessed by careful visual inspection.
Data analysis
The two crown consumption classes were compared with respect to the observed pre-fire pine stand characteristics as well as the post-fire measurements of fire severity, ground cover, seed input, pine recruitment and understory vegetation recovery. This was done by means of nested analyses of variance (ANOVAs), with the plots nested under their respective transects, and using the univariate general linear model (GLM) procedure of SPSS (v.16). SPSS was further used to assess the agreement between the three fire severity indices, by means of the Spearman rank correlation coefficient. Likewise, the correlations of these indices with the Fire severity and Pinus pinaster regenerationcovers of bare soil, ash and litter cover were determined, for the expected association on these site conditions with fire intensity. Finally, the SPSS procedure of univariate GLM regression was employed to determine which of the severity indices and post-fire site conditions could explain a significant part of the observed variation in post-fire vegetation recovery. Such variable(s) could then be applied in post-fire land management as simple predictor of pine recruitment in particular. The GLM regressions involved the same nested design as the ANOVAs.
The statistical analyses were carried out using ranktransformed values rather than the original values (McDonald 2009 ). This was done because the distributions of the various variables clearly deviated from normal and because a wide range of other transformations did not result in more satisfactory distributions.
Results
Fire severity measures and post-fire site conditions
All three fire severity indices presented, on average, noticeably higher values in the HCC plots than in the LCC plots (Table 1) . This difference was statistically significant in the case of the BTR ratio (p00.03) and the TWI (p00.03) but only marginally so in the case of the FCC (p00.06), due to a greater variability amongst the HCC plots in particular.
The ground covers of bare soil and ash immediately after the fire were, on average, markedly higher in the HCC than LCC plots, whereas the opposite was true for the litter cover (Table 1) . Litter cover consisted by and large of pine needle cast from scorched pine crowns, attaining a particularly elevated value at the LCC plots (75 %). The HCC and LCC plots differed significantly in terms of bare soil (p0 0.01) and litter cover (p00.04) but only marginally so in terms of ash cover (p 00.07). This lack of significance reflected the comparatively low cover values of ash, combined with a relatively high spatial variability.
In line with their association with the two crown consumption classes, the three fire severity indices and the three ground cover variables were all strongly and significantly correlated one with each other (Table 2 ). The correlations between the severity indices, however, were less strong than those between the cover variables (r s 00.84-0.97 vs. 0.49-0.68). Amongst the three severity indices, TSI was most closely associated with all three of the ground cover variables (r s 00.74-0.76 vs. 0.59-0.71). The significant differences at α00.05 were given in bold DBH diameter at breast height 3.2 Pine seedling densities Pine recruitment followed a similar evolution at the HCC and LCC plots ( Pine seedling/sapling densities were, on average, consistently higher at the LCC than HCC plots throughout the study period. These differences were statistically significant only at two occasions, i.e. 5 months after the fire in January 2009 and 3 years after the fire in August 2011 (nested ANOVA: p00.04 and 0.05, respectively). Nonetheless, they were marginally significant during the entire fourth phase of stable densities from August 2009 onwards, as illustrated for March 2010 in Table 1 . The lack of significant differences during this final phase was due to the elevated spatial variability in pine recruitment, especially at the HCC plots with coefficients of variation amounting to roughly 75 %.
The spatial variation in pine recruitment could be explained reasonably well by one of the fire severity indices in particular, i.e. TSI (Table 3) . At three distant periods after the wildfire (2, 18 and 36 months), TSI could account for a fraction of this variation that was marginally significant (GLM: p00.05-0.09). Two of the ground cover variables, however, had a significant effect on pine seedling/sapling densities at all three occasions (Table 3) . From these two, ash cover consistently revealed a stronger relationship with pine recruitment than litter cover (GLM: p0<0.01-0.01 vs. 0.01-0.04). 
Pine seed input
Pine cone density could explain the spatial variation in pine recruitment to a significant extent (Table 3 ). This role of pine seed input involved a time lag, however. The pine seedling/sapling densities 18 and 36 months after the wildfire were significantly related to the cone densities in September 2008 (GLM: ps00.02) but not to the cone densities in March 2009, after the logging. Also, the seedling/sapling densities 2 months after the wildfire revealed no significant influence of the cone densities immediately after the fire. The density of pine cones lying on the ground within the plots was, on average, twice as high in March 2009, after the logging, than in September 2008, immediately after the wildfire (0.07 vs. 0.14 cones m-2). This increase, however, was marginal in the case of the LCC plots as opposed to that of the HCC plots (Table 1) . Whilst the LCC plots contained significantly more cones than the HCC plots in September 2008, they contained markedly less in March 2009, albeit not significantly.
Pine sapling heights
Three years after the wildfire, the pine saplings had, on average, attained basically the same height in the HCC and LCC plots, i.e. approximately 70 cm. Like in the case of the pine densities, the HCC plots revealed a greater spatial variability in pine height than the LCC plots (coefficient of variation040 vs. 20 %). Sapling height lacked apparent relationships with any of the fire severity indices or immediate post-fire site conditions (Table 3 ) and was also not significantly correlated with the concurrent sapling densities (p00.83).
Regeneration of the understory vegetation
The regeneration of the understory vegetation 18 and 36 months after the wildfire was similar for the LCC and HCC plots, in terms of: (a) overall covers; (b) the covers of germinating as well as resprouting species; and (c) the predominance of resprouting over germinating species, particularly at the end of the study period (Table 1 ). The only significant difference was that in the cover of the germinating species in March 2010, being slightly higher in the HCC than LCC plots (6 vs. 4 %). This fact was also evidenced by the GLM results, with two of the fire severity indices explaining a significant fraction of the variation in the March 2010 cover of the germinating species (Table 3) . There were no clear suggestions that understory regeneration influenced pine recruitment, as covers were not significantly correlated with either pine densities or pine heights (ps≥0.10). The significant (at α00.05) and marginally significant (α00.05-0.10) correlations were indicated by "s" in bold and "~s", respectively, followed by the sign of the correlation coefficient and the p values
The understory vegetation of the HCC and LCC plots also differed little in species composition (Appendix 1). Various species, however, attained markedly different covers in the two types of plots at both sampling occasions. Amongst the resprouting species, E. australis was clearly more abundant in the HCC than LCC plots, whilst the opposite was true for P. tridentatum and A. curtisii. Amongst the germinating species, the principal difference was that in Cistus psilosepalus.
Discussion
This study revealed marked temporal as well as spatial variation in pine recruitment following a wildfire. Pine densities took approximately 1 year to reach maximum levels but revealed no major net changes afterwards. Maximum densities could be attained even quicker in the absence of logging, as suggested by the marked dieback in pine seedling between January and March 2009. On the other hand, there was no suggestion of seasonal variation in pine densities, at least during the second year following wildfire. Seasonal decreases in pine densities were reported by Martínez-Sanchez et al. (1999) but for P. halepensis and under more arid conditions. Also, pine recruitment in this study did not involve extreme weather conditions (Pausas et al. 2003) or apparent signs of plague attack .
Fire severity played a significant role in the spatial variability in pine recruitment. This pattern could be captured by the two classes of HCC and LCC, notwithstanding the classification's qualitative and somewhat subjective nature. Possibly, logging masked the association of HCC/LCC with pine densities in two different manners: (a) by provoking more dieback in the LCC than HCC plots and (b) by enhancing spatial variability in pine densities, especially amongst the HCC plots. This latter effect would seem to be long-lasting, at least 2.5 years (as differences were significant 36 months after the wildfire) and probably even considerably longer (as the coefficients of variation continued high 36 months after the fire).
Amongst the more quantitative proxies of fire severity studied here, litter and ash cover could best explain the spatial variability in pine densities. The relationship of pine densities with these two cover variables was furthermore less susceptible to changes through time than the relationship with the HCC/LCC. In the present case, ash and litter covers were almost perfectly correlated and, thus, could be used interchangeably for predicting pine recruitment. Prior studies, however, suggested that an effect of litter cover would be more consensual than one of ash cover. Whilst post-fire soil conditions are widely held to play a key role in the successful germination and early establishment of pines (e.g. Pausas et al. 2003; Madrigal et al. 2010; , litter cover was reported to enhance pine recruitment in various manners, including through the accumulation of seeds, their protection against predators and surface wash and an increased nutrient availability (Bonnet et al. 2004; Denham et al. 2009; Fernández et al. 2008 Fernández et al. , 2011 Garcia Fayos and Cerda 1997; Saracino et al. 1997) . Ash cover, on the other hand, was found to have, like here, a negative effect on pine density by Ne'eman and Izhaki (1998) as well as by Casal (2001, 2004 ) but a positive effect by Pausas et al. (2003) . From a purely practical point of view, litter cover would seem easier and quicker to estimate than ash cover. A first estimation of litter cover could then be obtained-even more easily and quickly-by means of the two crown consumption classes, as justified by the logical as well as statistical link between litter cover and needle cast from scorched crowns. Prior studies such as Otto et al. (2010) , Pausas et al. (2003) and Vega et al. (2010) likewise related heterogeneous site conditions to fire severity classified according to the degree of crown consumption.
Pine recruitment in this study did not seem to be affected by the understory vegetation. This could be due to the low cover attained by the understory vegetation but also to the low density of pine seedlings. The latter would be in line with the findings of Calvo et al. (2008) that the density of pine seedlings was a determining factor for the interespecific competition with the understory species. Pausas et al. (2003) , on the other hand, reported that post-fire recruitment of P. halepensis could be limited by high covers of resprouters, in particular gramineous species. Whilst the cover of the gramineous species in this study was low (HCC plots) to insignificant (LCC plots), inter-and intra-competition could be less intense due to the much less arid conditions than in the case of Pausas et al. (2003) .
Pine recruitment was found here to reflect differences in seed input in the form of cones lying on the forest floor immediately after the wildfire. These differences in pine cones were, in turn, associated with fire severity. Apparently, the high consumption of the crowns also resulted in more cones being fully combusted than the low crown consumption did. HCC could further have produced a greater mortality in the aerial seed bank than LCC (Reyes and Casal 2002) . The effect of pine cone density, however, revealed a clear time lag, suggesting that seed release from the cones mainly occurred in the early stages following wildfire, on one hand, and, on the other, that the released seeds germinated over a period of at least 1 year. The importance of the initial post-fire period for seed release was also indicated by the lack of a significant impact of the changes in pine cone densities that had occurred after logging.
Possibly, the principal release of pine seeds occurred after the cones had been shed from the canopies. Especially in the case of the LCC plots, temperatures might not have increased sufficiently to enable a quick and even seed release (Reyes and Casal 2002) . This possibility would seem to agree well with the results of the seed traps, indicating the total absence of pine seed rain, at least from 3 weeks after the fire onwards. Such a lack of pine seed rain could relate to the timing of the wildfire-having occurred before the end of August, in line with García-Fayos et al. (2001) -in combination with the low level of serotiny of the studied population (20 %). Nonetheless, the number and size of the seed traps employed here might not have been entirely sufficient ) and should ideally have been installed sooner after the fire. Also, a comparison of the spatial patterns in cone and seedling locations might have shed further light on the timing of seed release.
Pine recruitment 3 years after the Colmeal wildfire amounted, on average, to 0.9 pine saplings/m 2 and in no case exceeded 2.5 saplings/m 2 . These figures were well below those reported by Vega et al. (2010) (7 pines/m 2 ) and especially Calvo et al. (2008) (12 pines/m 2 ). This could be due to differences in serotiny, as Calvo et al. (2008) studied a highly serotinous population. Although the pine recruitment densities observed here were low compared to those reported by studies in Spain (Calvo et al. 2008; Vega et al. 2008 Vega et al. , 2010 , they did clearly exceed the pre-fire stand densities, i.e. with a factor of 2 to 4. They were also substantially higher than the standard densities for 10-yearold pine stands (Oliveira 2000 ; 1,000 to 1,500 plants/ha). Thus, except for changes in the observed trend of stable sapling densities after the first post-fire year, pine densities in the study area would, from a forest management point of view, need to be thinned out substantially in the next 3 years (Oliveira 2000) , especially in the slope parts where fire severity was lowest. On the other hand, there was no suggestion of the need for management of the understory vegetation, not only because of the aforesaid excess of pine saplings but also because of its apparent lack of influence on pine densities as well as sapling height.
Conclusions
Fire severity, as evidenced by the degree of crown consumption of the pine trees as well as by various severity indices related to soil surface properties (ash and litter covers) and damage of shrubs (twig severity index), was highlighted as a key factor in post-fire pine recruitment of Maritime Pine in Central Portugal. This emphasised the importance of viewing recently burnt areas as heterogeneous rather than homogeneous management units. At the same time, this study demonstrated the potential of simple indices of fire severity for assessing post-fire pine recruitment, even though the need for further testing in other recently burnt areas is more than obvious. Likewise, logging seemed to provoke an important dieback in pine seedlings but the longer-term effects could not be assessed.
Pine recruitment was significantly higher following lower than higher fire severity. This could be attributed first and foremost to a combined effect of less damage to the canopy seed bank and of forest floor conditions more propitious to seedling germination and early establishment. Pine height growth, on the other hand, was not affected by the differences in fire severity. The same was grosso modo true for the regeneration of understory vegetation, so that there was also no evidence for competition with pine regeneration.
